Light induced chemical vapor deposits of titanium dioxide are achieved on poly͑methyl methacrylate͒ substrates from titanium tetraisopropoxide with a long pulse ͑250 ns͒ 308 nm XeCl excimer laser, using a mask imaging setup. Similarly to other results obtained on nonpolymeric substrates, localized deposits are achieved in the irradiated area, and the deposited thickness is precisely controlled. This paper focuses on the limitations of the process on polymeric substrates due to laser induced thermal effects. Based both on experimental results and theoretical laser induced temperature rise simulations, the laser induced heating is shown to be responsible for (i) the limitation of the used laser fluence to values below 20 mJ cm Ϫ2 pulse Ϫ1 so as not to damage the substrate, (ii) the appearance of cracks in the deposited films above a certain thickness, and (iii) the amorphous state and the 9% carbon contamination of the deposited material which is obtained at the imposed low fluences.
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However, LICVD on highly temperature-sensitive substrates like polymers are rarely described. Tokita and Okada 1 are, to the best of our knowledge, the only researchers to claim deposition on polymer ͑polypropylene͒ substrates, but they did not give any further details on the process. Deposition of titanium dioxide thin films on polymers is of industrial interest for different applications, e.g., optical coatings. Some successful techniques are described in the literature, like sol-gel, 4 pulsed laser deposition, 5 radio frequency magnetron sputtering, 6 reactive ion beam assisted deposition, 7 and vacuum arc deposition. 8 LICVD is a very interesting alternative as it allows direct patterning of the deposits and precise control of the deposited thickness, as we already showed on inorganic substrates. 9, 10 In this work, we report the feasibility of LICVD deposition on poly͑methyl methacrylate͒ ͑PMMA͒ and evidence the limitations of the technique due to laser induced thermal effects.
Experimental and Theoretical
Deposition techniques.-A precise description of our homemade LICVD reactor was reported elsewhere. 9 Briefly, a long pulse ( ϭ 250 ns) XeCl excimer laser ( ϭ 308 nm) irradiates perpendicularly the PMMA substrate placed on a temperature-controlled plate ͑60°C͒. Titanium tetraisopropoxide ͑TTIP, kept in a bubbler at 30°C͒ is brought in the chamber by an oxygen carrier gas flow ͑43 standard cubic centimeters per minute ͑sccm͒, line temperature: 60°C͒ while a nitrogen flow ͑150 sccm͒ is directed onto the window to prevent deposition on it. The total pressure in the chamber is kept at 10 mbar. A freestanding mask is imaged on the substrate by a single lens. The laser energy per pulse is measured by a pyroelectric detector and regulated by an attenuator. In this process, the deposited thickness is proportional to the number of photons and has an Arrhenius dependence on the substrate temperature. Localized and thickness-controlled multilevel patterns are realized by varying the number of pulses according to Eq. 1, as already described elsewhere.
where e is the deposited thickness ͑nm͒, N the number of pulses, r 0 a constant (r 0 Ϸ 0.1 (nm cm 2 mJ Ϫ1 pulse Ϫ1 ), F the fluence (mJ cm Ϫ2 ), E a the Arrhenius activation energy (E a Ϸ 21.3 kJ mol Ϫ1 ), R the gas constant (R ϭ 8.314 J mol Ϫ1 K Ϫ1 ), T the substrate temperature ͑K͒, t the irradiation time ͑s͒, and f the laser repetition rate ͑Hz͒.
In this work, the deposited thickness is varied from 2 to 250 nm using fluence values between 3 and 15 mJ cm Ϫ2 at a pulse repetition rate of 5 Hz and varying the number of pulses up to 250,000. An example of such a deposit with different steps of different thicknesses is shown in Fig. 1 .
Deposit characterization methods.-The deposited thickness ͑or the ablated depth in the substrate͒ is measured by profilometry. UVvis transmission spectra through films deposited on PMMA are recorded. Images of the deposits are obtained by optical microscopy combined with a charge-coupled device camera. The chemical composition of the deposits is estimated by X-ray photoelectron spectroscopy ͑XPS͒ measurements on an ''as-deposited'' sample and after ion sputtering (Ar ϩ beam at 2 keV͒. Raman spectra using a confocal Raman microscope in a backscattered geometry ͑laser excitation source: 530.9 nm, 100 mW on a 2 m diam spot͒ are recorded to evaluate the crystalline state of the deposited material.
z E-mail: Patrik.Hoffmann@epfl.ch Transmission electron microscopy ͑TEM͒ images are realized to determine the nature of the oxide-polymer interface and the oxide film crystallinity.
Laser induced temperature rise modeling.-In addition to the permanent low-temperature heating of the substrate ͑60°C͒, each laser pulse induces a temperature rise in the sample for a short time. This temperature rise is a key parameter for understanding the thermal effects undergone by the substrate and the growing film. It can be estimated by solving the one-dimensional heat equation. 11, 12 In this work, a numerical solution described in detail elsewhere 13 was implemented to model the temperature evolution of a TiO 2 film of given thickness placed on a PMMA substrate and irradiated by a single laser pulse. The real temporal shape of the laser pulse ͑see Fig. 2a͒ was used in the calculations, and the coherence length of the light was assumed to be 15 m. The optical parameters ͑index of refraction, n, and absorption coefficient, ␣, at 308 nm͒ and the thermal parameters ͑thermal diffusivity, D, and heat capacity, c p , with their temperature dependences͒ considered in the simulations for TiO 2 and PMMA are listed in Table I . Calculations were carried out dividing the sample into 1.5 nm thick depth slices and considering 0.2 ps time slices.
An example of the spatiotemporal temperature profile obtained with such a calculation is presented in Fig. 2b ͑for a 49.5 nm thick TiO 2 film and a 10 mJ cm Ϫ2 fluence͒. Figures 2c and d show temperature depth profiles at different times after the pulse starts. As discussed in detail later, the film is homogeneously heated, and the heat generated by light absorption in the film diffuses slowly into the substrate. Ϫ2 . Each band in contour plot corresponds to 10% of maximum surface temperature rise of 21°C. ͑3000 depth slices of 1.5 nm and 3,500,000 time slices of 0.2 ps were considered͒. ͑c͒, ͑d͒ Temperature depth profiles at different times during and after pulse, extracted from calculations done in ͑b͒. 
Results and Discussion
Ablation of the polymer in deposition conditions.-Prior to the deposition experiments, ablation of the PMMA substrate is tested in the CVD reactor, in similar conditions to the deposition ones, with and without TTIP.
(i) In the absence of TTIP in the chamber, no degradation of the polymer substrate is observed with 2000 pulses in the fluence range tested up to 300 mJ cm Ϫ2 . This is in agreement with literature data showing that PMMA is resistant to ablation at 308 nm and requires doping with sensitizers to be ablated. 14, 15 This result is also in agreement with the temperature rise simulations, showing that the laser induced temperature rise for PMMA alone is less than 1°C in this fluence range ͑see Fig. 3͒ .
(ii) In the presence of TTIP in the chamber, the PMMA substrate is already ablated at fluences higher than 20 mJ cm Ϫ2 . The ablated depth increases with increasing fluence ͑see Fig. 4a͒ and also increases with increasing number of pulses for fluences above this threshold ͑see Fig. 4b͒ .
These substrate damage tests show that LICVD deposition on PMMA is limited to very low fluence values ͑Ͻ20 mJ cm Ϫ2 ͒. Consequently, only a low growth rate per pulse ͑lower than 1 pm pulse Ϫ1 ) can be obtained, due to the linear dependence of the growth rate on fluence. 16 The ablation of the PMMA substrate in the presence of TTIP in conditions in which PMMA alone is not ablated is due to the formation of an absorbing layer on the polymer which is heated by the laser and heats the polymer. This effect is discussed in the next paragraph, in which the laser induced temperature rise is considered for a thin TiO 2 film on the PMMA substrate.
Appearance of thermal cracks in the deposited film with increasing thickness.-Numerical calculations show that for a given fluence, the laser induced temperature rises at the film surface and at the film-polymer interface and increases with increasing film thickness ͑see Fig. 5a͒ . This fact can be understood qualitatively by looking at the absorption coefficients listed in Table I . As PMMA is almost transparent at 308 nm, the heat is mostly generated by the light absorption in the TiO 2 film. The optical penetration depth l o of the laser into TiO 2 is l o ϭ 1/␣ ϭ 250 nm. Therefore, for films thinner than this value, the amount of light absorbed in the film increases remarkably with increasing film thickness. Consequently, the laser induced temperature rise increases with the film thickness. Note also that the film/substrate interface temperature nearly equals the film surface temperature. This effect can be understood by looking at the heat diffusivity values listed in Table I . The average heat diffusivity of TiO 2 is approximately 10 times higher than that of the substrate; therefore, little heat is dissipated from the film to the substrate. As the film thickness is much lower than the heat penetration depth in TiO 2 (l T ϭ 2 ϫ (D) 0.5 ϭ 1.3 m), the temperature distribution is nearly homogeneous throughout the film thickness.
The low thermal diffusivity of PMMA compared to TiO 2 also explains why the laser induced temperature rise in the film is higher than the one obtained on bulk TiO 2 .
Experimentally, deposition on PMMA is possible for fluences below 20 mJ cm Ϫ2 , where the temperature at the film/substrate interface is lower than the thermal degradation temperature of the polymer for any film thickness. TEM cross sections ͑Fig. 9͒ show a well-defined interface between the substrate and the film, i.e., no melting is detected at the interface. However, cracks appear in the TiO 2 film above a certain thickness ͑see Fig. 5b͒ . Based on the laser induced temperature rise simulations, these cracks are believed to originate from thermal dilatation effects.
Physicochemical properties of the deposited material.-The deposited material exhibits a good transparency for visible light, as . XPS analyses on a selected sample ͑film thickness ϭ 100 nm and F ϭ 5 mJ cm Ϫ2 ). ͑a͒ Ti ͑2p͒ region, ͑b͒ O ͑1s͒ region, ͑c͒ C ͑1s͒ region, and ͑d͒ atomic concentration depth profile. shown by the transmission curves in Fig. 6 . The positions of the minima ( min ) and maxima ( max ) of the transmission curves ͑which are due to interferences͒ enable one to estimate roughly the index of refraction n of the deposited material of thickness e from Eq. 2:
where p is the interference order. n ϭ 2.1 Ϯ 0.4 is found. XPS analyses of a selected sample are presented in Fig. 7 . After calibration of the spectra with respect to the carbon C ͑1s͒ peak at 285 eV, the expected positions are found on the as-deposited sample for the Ti ͑2p 3/2͒, Ti ͑2p 1/2͒ and O ͑1s͒ peaks at, respectively 458.6, 464, and 530 eV. 17 The additional O ͑1s͒ peak around 532 eV is characteristic for adsorbed contamination. 17 After sputtering, the Ti 2p peaks are highly broadened, exhibiting large shoulders between 452 and 458 eV, which are typical for the TiO 2 reduction effect under ion bombardment. 17 After removal of the surface contamination layer, the depth profile of atomic concentrations in the bulk ͑Fig. 7d͒ shows an average chemical composition of Ti: 30.6 Ϯ 1%, O: 60.8 Ϯ 1.1%, and C: 8.6 Ϯ 1.5%. This proves that stoichiometric TiO 2 is obtained with an additional 9% of carbon contamination.
Raman spectra of a deposited film on PMMA ͑see Fig. 8͒ exhibit no peaks other than those of the substrate, which is characteristic for an amorphous material. 18 This amorphous structure is confirmed by the absence of any crystallites in the high-resolution cross-sectional TEM image ͑Fig. 9b͒.
When deposition is carried out at higher fluences on nonpolymeric substrates, no carbon contamination is detected, and at a given surface temperature, the crystalline state changes from amorphous to anatase to rutile with increasing fluence. 19 This annealing-like modification is attributed to the laser induced temperature rise. For the PMMA substrate, it is impossible to use the required fluences for crystalline deposition, because of the low damage threshold. Thus, LICVD deposition on PMMA is limited to amorphous material deposition with the system used here. However, if the deposited film thickness exceeds the heat penetration depth (l T ϭ 1.3 m), it may be possible to crystallize the upper part of the film by irradiating with a higher fluence, without damaging the substrate.
Conclusions
The deposition of localized and thickness-controlled thin films of titanium dioxide on PMMA is demonstrated. Due to the laser light absorption in the film, a nonnegligible temperature rise is generated by the irradiation, which limits the usable range of fluence to values below 20 mJ cm Ϫ2 , so as not to damage the substrate. At these low fluences, the film/polymer interface is well defined, exhibiting no evidence of polymer degradation. However, only amorphous films are obtained with additional carbon contamination of 9%. Additionally, some cracks appear in the films when the thickness exceeds a certain value, which is attributed to thermal mismatch effects at the interface. Similar results have been obtained with polycarbonate, poly͑ethylene terephthalate͒ and polyimide substrates. 
